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Abstract 
River restoration is a relatively recent undertaking, with high levels of complexity and uncertainty 
involved. Many restoration projects have been monitored over the past three decades, however, 
results have rarely been compared across projects thereby limiting our ability to identify factors that 
influence restoration outcomes. Programmatic monitoring and evaluation (ProME) that builds on 
standardised surveys and systematic cross-project comparison allows for collaborative learning, 
transfer of results across restoration projects and for adaptive management and monitoring. We 
present a conceptual framework for ProME consisting of four goals and nine principles. Originally 
elaborated as a checklist to develop a national ProME in Switzerland, the framework has been 
expanded further to be applicable in an international context. First, ProME accounts for complexity, 
uncertainty and change in order to contribute to sustainable river management over the long term. 
Secondly, ProME promotes collaborative learning and adaptation by standardizing the sampling 
design for the field surveys at multiple projects and by disseminating findings across stakeholders. 
Thirdly, ProME verifies to what extent restoration has been achieved, i.e. it must quantify the size 
and direction of change. Fourthly, ProME identifies why the observed effects were present, thereby 
improving our mechanistic understanding of river functioning. We conclude with potential 
extensions of the framework (e.g. evaluating cumulative effects of projects within a catchment). Our 
conceptual framework presents a structured approach towards a more systematic learning and 
evidence-based action in river restoration, while taking into account the wider picture of 
environmental change within which river restoration projects will inevitably operate. 




River restoration (see Glossary in Sidebar 1) is an important management intervention in many 
countries worldwide.1, 2 Substantial financial resources have been invested over the past three 
decades,3, 4 often as part of a regional or national restoration programme. Despite such coordinated 
funding, monitoring and evaluation (ME) have usually been designed and performed as independent 
tasks at the project-level, i.e. without any further coordination with related projects from the same 
funding programme. Independent project-level ME has provided important information on 
ecosystem behaviour, recovery trajectory and public acceptance,2, 5 but has not made full use of the 
unique opportunities offered at the program-level (i.e. regional or national scale), including  
 generalisation: transfer of results across restoration projects, programmes and river basins6, 7 
 collaborative learning: facilitated exchange of lessons learned across stakeholders8 
 adaptation: continuous refinement of practical and scientific approaches9 
 justification of resources: increased credibility of restoration through a robust analysis of the 
effects10 
 causal understanding: towards a better understanding of mechanistic pathways and 
influencing factors (e.g. multiple stressors3) 
 beyond today’s challenges: towards informed management of rivers in a changing world11 
Programmatic monitoring and evaluation (ProME) that builds on coordination, standardised surveys, 
and systematic cross-project comparison (‘spatial replication’) is largely non-existent.6 There are 
many reasons for this, including a lack of incentives, e.g. from the funding agencies,6 lack of 
guidelines and lack of awareness. In addition, ProME, like other large riverine monitoring programs, 
presents technical challenges (e.g. study design, spatial and temporal replication, and sampling 
protocols) and procedural challenges (e.g. inadequate training, data collection errors, and lack of 
coordination) that need to be overcome to be successful.12-14 
To help overcome these challenges and maximize monitoring benefits, we present a conceptual 
framework for programmatic monitoring and evaluation (ProME) in river restoration comprising four 
goals and nine principles (Table 1). Goals reflect the aims and vision for doing ProME whereas 
principles describe the means to achieve the goals. Originally elaborated as a guideline to develop a 
national ProME in Switzerland, the framework has been expanded further to be applicable in an 
international context (Sidebar 2).  
The present framework builds on existing frameworks, both from restoration and other areas of 
(river) management.10, 15-24 Our framework adds to these existing frameworks by explicitly 
incorporating 
 the transdisciplinary setting of river restoration in which stakeholders from different 
disciplines and fields of work interact,  
 the high diversity of restoration projects, e.g. regarding impacts addressed, techniques used, 
size, or location, 
 the wider management context where restoration is usually one management concern 
among many others,  
 a long-term perspective, with environmental conditions and societal structures being highly 
dynamic and uncertain. 
 a structured learning process, where knowledge transfer happens within a well-defined 
feedback loop 
Our framework is meant to provide guidance for the development of ProME. It is not the goal of the 
presented framework to inform the selection of sites to be restored (spatial prioritization8, 25), nor to 
outline the steps needed for implementing successful projects26, 27 nor to define the specific 
procedure for ME at the project level.5, 21 
We outline potential extensions to the proposed framework and conclude with considerations for 
river restoration management and science.  
Sidebar 1: Glossary 
Restoration refers to all activities to assist the recovery of river ecosystems that have been 
degraded, damaged, or destroyed.28 With ‘restoration project’ we mean the action (or measure) 
taken at a given site. Often multiple techniques (or methods) are applied, such as channel widening, 
and bank restructuring.29  
There are several types of monitoring and evaluation (or assessment or surveillance) such as 
baseline, status, trend, implementation, effectiveness and validation monitoring20 or surveillance, 
operational and investigative monitoring.17 We focus on effectiveness and validation (e.g. what was 
the effect of the project on habitat availability?) as well as investigative monitoring (e.g. how does 
agricultural land use in the catchment influence the recovery of species diversity following 
restoration?).  
We define programmatic monitoring and evaluation (ProME) as a coordinated activity that draws 
together standardised surveys and systematic comparison of multiple projects implemented in a 
given region or state, potentially financed within a regional or national restoration programme. The 
stakeholders form a transdisciplinary community with representatives from different disciplines (e.g. 
engineering, ecology, social sciences) and fields of work (authorities, consultants, NGOs, research).  
Monitoring and evaluation is based on indicators (or parameters, variables, attributes or metrics) 
that quantify and assess the condition of a river in the light of the restoration objectives.5 A 
reference represents the target conditions to be achieved by the restoration, whereas a control 
represents the degraded conditions to move away from.26 
 
Sidebar 2: River restoration programmes in Switzerland and the European Union (EU) 
Switzerland: The Swiss Water Protection Act was amended in 2011 with the mandate to restore 
4’000 river kilometres by 2090 (National Restoration Program). This corresponds to 25% of the 
heavily impaired river reaches and to 6% of the entire river network (65’000km). Apart from river 
restoration, sufficient room for rivers and their natural processes should be secured by 2018. 
Furthermore, the negative ecological effects from hydropower exploitation (sediment deficit, 
hydropeaking, fish passage) should be mitigated by 2030. The budget from the federal government 
is 40 million CHF/yr for river restoration. Federal funding accounts for 35-80% of the project costs, 
depending on the ecological objectives followed and is allocated to the 26 cantons in four year 
funding cycles. Monitoring and evaluation is part of the funding, however, the requirements have 
not been specified further, thereby limiting collaborative learning and evidenced-based 
management. To help maximize the invested funding, the Federal Office for the Environment and 
the research institute Eawag launched a 2.5 year research project to develop a ProME for the 
National Restoration Programme. Alternative strategies are being developed for both a STANDARD 
and EXTENDED ProME. The STANDARD ProME aims to verify to what extent the national objectives 
for river restoration have been met within the restored river reach. All river restoration projects 
receiving federal funding will be included in the STANDARD ProME. In contrast, the EXTENDED 
ProME aims to answer specific questions from practice at selected river restoration projects.  
EU: Since 2000 EU member states are obliged to implement the Water Framework Directive to reach 
good ecological and chemical status in rivers and other water bodies at the latest by 2027. In river 
basin management plans the programmes of measures describe the restoration and mitigation 
actions needed to achieve this. The ecological status is assessed by biological quality elements: 
phytoplankton, other aquatic flora, benthic invertebrates and fish and supporting information about 
the physico-chemistry and hydromorphology. Three types of monitoring are considered: i) 
surveillance monitoring to assess trends in water body status, ii) operational monitoring to detect 
stressors and changes in water bodies at risk or where measures have been implemented and iii) 
investigative monitoring to find causes and solutions where reasons for failing are unknown. 
Assessment procedures have been harmonised between EU member states (so-called 
‘intercalibration’). Albeit a tremendous improvement in ME throughout Europe the design of 
monitoring programmes is tailored to assess the status of individual water bodies and restricted to 
aquatic components while investigative monitoring is generally restricted to a single project or 
stressor.  
Both the WFD and Swiss ProME are cyclical, in that there is regular assessment of the previous cycle 
which feeds into planning of the next. However there are some differences. The proposed Swiss 
ProME goes beyond the WFD requirements through its explicit cross-project assessment of 
restoration measures in the context of catchments or watersheds. It also acknowledges that rivers, 
riparian zones and floodplains interact, by including terrestrial as well as aquatic monitoring 
components. 
 
Table 1: The nine principles for ProME, their meaning and the steps taken for implementation in 
Switzerland. 1) The implementation is ongoing (see Sidebar 2), with certain steps being planned, but 
not implemented yet (in italics). 
Principle What it means Ongoing implementation in Switzerland1) 




Formation of long-term 
partnerships of key 
stakeholders based on 
shared visions 
 collaborative development of shared goals for 
ProME within two half-day workshops 
(research, federal authority) 
 build-up of long-term partnership for practice-
oriented river research (“Swiss Rivers 
Program”) 
 intense exchange with national and 
international stakeholders (advisory groups, 
conference workshops) 
 decoupling of the spending time-frame for 
ProME from construction phase  
2. Evaluate against 
clear objectives  
Formulation and 
verification of agreed-
upon objectives on 
restoration outcome 
 formulation of SMART objectives for river 
restoration (from local to national scale) 
 representation of these objectives within an 
objective hierarchy  
 iterative discussion of the objective hierarchies 
with the different stakeholder groups 
3. Coordinate with 
related activities  
Creation of synergies 
and common language 
across management 
sectors 
 regular exchange with existing and planned ME 
activities at the national scale (water quality, 
conservation) 
 use of the same or comparable methods (e.g. 
for sampling macroinvertebrate communities) 
4. Answer well-defined Identification of key  collection of open questions from different 
questions  questions from 
practice to be 
answered in a 
systematic way 
stakeholder groups 
 identification of key questions to be addressed 
in the first years of ProME based on selected 
shared criteria (policy relevancy, urgency, 
interest for communication) 
 establishment of a conceptual model 
illustrating the current state of knowledge (incl. 
gaps) 





Standardisation of the 
design to allow for 
comparability and 
explanatory power 
 identification of available indicators and their 
spatio-temporal scale of effect (e.g. response 
time) 
 selection of indicators for ProME based on 
agreed-upon criteria (e.g. robustness, 
acceptance, ease of measurement) 
 training and inter-calibration for all persons 
involved in the surveys 
6. Compare multiple 
projects  
Spatial replication to 
account for spatial 
variation in the 
observed effects 
 characterisation of project diversity (e.g. 
differences in technique used, biophysical 
setting, human pressures etc.) 
 identification of the most useful design to 
account for project diversity (mBA, mBACI, 
EPT*) 
 identification of control and reference sites 
 involvement of professional statisticians in the 
design process 
7. Decide on where 
and when to learn  
Distribution of funds 
according to the 
learning potential and 
stakeholder needs 
 selection of sites for EXTENDED ProME 
(Sidebar 2) based on agreed-upon criteria 
(transferability, relevance) 
 definition of the required time intervals for 
knowledge transfer from STANDARD and 
EXTENDED ProME (linked to the time frames of 
funding and other policy cycles) 
8. Process and 
disseminate the 
findings 
Feedback of findings to 
the stakeholders and 
wider public 
 identification of the required products (format, 
content, scale of inference) for dissemination 
 identification of timing and frequency for 
dissemination  
 clarification of responsibilities for analysis, 
dissemination etc. (e.g. data governance table) 
 establishment of an accessible data-base with 
quality-controlled raw data 
9. Review the 
programme at 
regular intervals  
Reflection and 
adaptation of the 
programme based on 
 planned-in reflection phase at regular intervals 
and under consideration of policy cycles 
 documentation of the learning process 
 follow up of the technical and social 
lessons learned developments 
* see also principle 6. mBA: multiple before-after design, mBACI: multiple before-after-control-
impact design, EPT = extensive post-treatment design. 
Four goals  
We propose four goals for the development of ProME in river restoration. These goals are 
interconnected and build on each other in a hierarchical way.  
Goal 1: Account for complexity, uncertainty and long-term change 
This goal emphasizes the need for an integrated long-term perspective for ProME, considering 
ecological, social and economic aspects beyond the priorities of the present day.30, 31 This 
necessitates the flexibility to account for unpredictable and rapid transformations (or ‘surprises’) 
including those resulting from a changing climate envelope,32, 33 shifts in environmental agendas,34 or 
from alteration of institutional capacities.22 This goal also means that ProME is seen as one type of 
environmental surveillance among many others, such as monitoring for nature conservation (e.g. 
biodiversity monitoring) or hazard prevention (e.g. flood protection). The differing goals of these 
different types of monitoring programmes should be fully recognised, in order to exploit the 
potential for valuable synergies, and avoid inefficient, costly overlaps and duplications.  
Goal 2: Promote collaborative learning and adaptation 
This goal highlights the fact that ProME provides the basis for a structured learning process for all 
stakeholders involved in river restoration. An evidence-based approach allows adaption of the way 
that we restore our rivers (‘adaptive management’9) and how we monitor and evaluate the 
outcomes (‘adaptive monitoring’10). Adaptive approaches, both for management and, to a lesser 
extent, for monitoring, have been much discussed in the past, but rarely implemented in practice.10 
A structured learning process enables identification of the gaps in our understanding as well as the 
degree of uncertainty involved.22 Over the mid- to long-term, such structured learning reduces 
errors9 and thereby increases cost effectiveness, i.e. the effectiveness of the funding that is spent.2 
This is of high importance given that funding for river restoration is often limited overall, and funding 
reserved for ME specifically is often non-existent. 
Goal 3: Verify to what extent restoration has been achieved 
This goal requires verification of the response of a system to the implemented activity, i.e. ProME 
must provide the data base to demonstrate achievement of pre-defined objectives. One can 
distinguish between primary responses and secondary or tertiary responses.20 For instance, the 
primary response to a local river widening can be that the diversity of aquatic habitats increased.35 
The secondary and tertiary responses, respectively, would then be that, as a function of the 
increased habitat diversity, the diversity of fish species or functional groups also increased, with 
major consequences to ecosystem processes such as leaf-litter decomposition or algal biomass 
production.36 If there is a legal mandate for improving river condition by means of river restoration, 
this goal also means confirming that the mandate has been executed and achieved.  
Goal 4. Identify why the observed effects were present 
ProME must facilitate a better understanding of why the observed effects were manifested. This 
goal refers to the inherent challenge of studying real-world trajectories. Many unforeseen and 
unknown factors can interact with the implemented measures in complex ways (synergistic, 
antagonistic37), leading to complex ecological feedbacks and surprises.38, 39 Such interactions cannot 
be inferred from only measuring the size and direction of change (goal 3). Well-designed and well-
executed ME has the potential to identify the driving factors, to reduce or at least quantify 
uncertainty and to improve our ability to forecast potential outcomes.32 It will also provide 
information to increase our understanding of causal relationships and to make generalisations from 
site-specific monitoring and evaluation, which in turn can feed into adaptation (goal 2). 
 
Nine principles 
To achieve the four goals we suggest nine principles (Table 1) which will be discussed in the 
following sections. We provide a justification for each principle (‘why?’), and describe the 
requirements and consequences of its implementation (‘how?’). Furthermore, we illustrate the 
linkages among principles and give examples from our work in Switzerland. 
Principle 1: Assure stakeholder commitment (vision, funding, personnel, time) 
Why? ProME is a risky endeavour. Risks range from misleading conclusions arising from limited time 
perspectives23 to divergent expectations from different stakeholder groups,40 limited relevance for 
management10 or cost overruns due to failed estimates of the resources required.41 To avoid 
ineffective approaches or “train wrecks”,42 ProME must have a sound foundation, i.e. it must be built 
on collaborative partnerships of committed stakeholders and their organisations or institutions.6, 10, 
31 Collaboration and commitment comprise financial, personnel and temporal resources for the 
required duration.  
How? A prerequisite for transdisciplinary commitment is that there is common ground7 – a shared 
vision of the goals, procedures and benefits of ProME. The process of establishing common ground 
requires substantial time, work, patience and social skills,9 and is best achieved at the outset of the 
programme.10 Working with shared tenets can support the process by making it more transparent.7 
It is recommended to focus on “shared points of agreement” and avoid continuing protracted 
arguments on differences. The goals listed above proved to be a useful starting point for elaborating 
a ProME in Switzerland. They were collaboratively developed by federal government authority and 
research representatives within two half-day workshops based on a previous suggestion by three of 
the authors. The acquisition of financial, personnel and temporal resources may need strategic 
decisions from the programme partners. To do so, ProME needs to be treated as a distinct and 
priority activity for all stakeholders involved, with a clear schedule, allocated staff and a specific 
budget. This implies that ProME is considered as much a management concern as a scientific 
activity6, 10, 32. The spending time-frame of ProME must be organisationally decoupled from other 
phases (e.g. construction phase). Building up a long-term and trustful partnership also requires 
discussion and clarification of roles and responsibilities early in the process, covering tasks like 
controlling and archiving data, data analysis, and communication of results. 
Principle 2: Evaluate against clear objectives 
Why? ME aims to verify to what degree pre-defined ecological, social and economic objectives have 
been met.5, 26 The process of objective setting in river restoration often builds upon the “guiding 
image” concept43 that describes the dynamic ecosystem structure and function to be achieved 
considering the consequences of irreversible landscape changes.44 Collaborative objective setting 
results in a common language and understanding of what is generally aimed for which in turn eases 
communication, including beyond ProME (principle 8). 
How? Projects to be included in ProME must follow shared objectives (‘programme objectives’) in 
order to warrant comparisons across projects (principles 5 and 6). Programme objectives must be 
established at the outset of the program, and might be revised over the course of time (principle 9), 
e.g. due to shifting baselines.45 Even if there is no universal guiding image for all rivers in the 
program,26 a list of overarching objectives can be formulated in a structured way by using objective 
hierarchies.40 Where there is a legal mandate for river restoration, programme objectives need to 
reflect the objectives stated in the law. Programme objectives have to fulfil certain criteria to 
become operational. These criteria are often summarized with the acronym SMART – specific, 
measurable, agreed-upon (some authors use achievable or assignable), relevant (or realistic), and 
time-bound.46-48 Apart from programme objectives, individual projects can follow more detailed or 
additional project-specific objectives in order to meet the local requirements. Divergent objectives 
should be omitted, i.e. project-level objectives should be in agreement with programme objectives. 
Principle 3: Coordinate with related activities 
Why? Rivers are subject to various and often conflicting management interventions (e.g. 
hydropower expansion, flood risk management, irrigation). Apart from interfering with the recovery 
trajectories of river restoration projects, these interventions are often also surveyed by their own 
ME programmes. Different organisations or administrative units are responsible for different 
management areas, and information exchange between these programmes and levels of 
organisation can be restricted due to geographical distance, administrative structures or other 
constraints in time, vocabulary and culture.49, 50 Lack of exchange can result in an independent 
development of multiple and often highly specialised ME programs, with approaches and jargon 
reflecting particular disciplines. Furthermore, separate programmes might be interested in similar 
topics, but might apply different indicators to evaluate them. Important opportunities are missed 
such as an increased cost-effectiveness, a larger data base for more powerful statistical analyses and 
interpretation of results and a common language across management sectors and for dissemination 
of results.50 
How? ProME for river restoration requires coordination with existing and planned (ME) activities at 
the same (e.g. national) scale. Coordination can have different forms and intensities, ranging from 
shared visions, organisational and technical exchange50 to the use of the same or at least 
comparable methods. For instance, objective hierarchies (principle 2) can be framed to be applicable 
to other sectors of river management, i.e. to provide a holistic, integrative perspective on 
sustainable management.51 Selected indicators from ProME can be used in programmes from other 
management sectors, such as for flood protection projects which, in many countries, have to fulfil 
key ecological criteria as well. Organisational coordination requires a regular exchange with 
representatives from related activities in management and research. Technical opportunities such as 
shared data bases, synthesis reports52 or web-platforms6 facilitate exchanging raw data, knowledge 
and experiences (principle 8). 
Principle 4: Answer well-defined questions 
Why? River restoration is a relatively recent endeavour. Many practical and scientific questions are 
open, both regarding management and monitoring. Some questions can be directly linked to the 
objectives that are followed (principle 2), for instance by asking whether habitat diversity was 
increased following local river widening (primary response20). Questions can also be more 
investigative and address the causes for an observed effect (e.g. which factors affect the recovery 
potential of local fish assemblages following in-stream placement of wood?). ProME offers a great 
opportunity to answer key questions in a systematic way.10 Prioritization is needed to identify the 
key questions at the onset of the programme and also later in the review phase (see principle 9). 
Focusing on questions eases the way down to the indicators to be measured (principle 5), without 
getting lost in time-consuming, ineffective debates about what to monitor.10 
How? ProME must address a set of well-defined and agreed-upon key questions. An iterative 
discussion is therefore needed because key questions can differ substantially between stakeholders. 
Managers might raise rather site-specific questions whereas scientists prefer addressing more 
general relationships.7 The discussion can be mediated in a step-wise procedure.53 In a first step, 
questions are collected. In a second step, key questions are identified based on selected shared 
criteria. Criteria for selection can be manifold, addressing, for example, time and funding. 
Monitoring projects can fail due to a lack of focus (‘collect now, think later’10). The questions must 
therefore be well-defined and tractable, and the expected outcomes be formulated as testable 
hypotheses.10, 27 Formulation of hypotheses requires a sound knowledge of the existing international 
literature. A conceptual model illustrating the current state of knowledge can be helpful for 
supporting the discussion.10, 27 
Principle 5: Standardise the sampling design (indicators, methods, spatio-temporal scale) 
Why? The sampling design comprises the indicators used, the methods to measure them and the 
spatio-temporal scale of surveys. The indicators quantify the objectives that were set (principle 2) 
and the specific questions addressed (principle 4). A given indicator can be measured with different 
methods. The spatio-temporal scale matters, as all indicators are scale-specific (see Figure 1 for an 
illustration from wetland restoration monitoring). Some indicators will operate at a patch scale of a 
few metres while others may operate at a reach scale of up to several hundred metres. This might 
require some indicators to be monitored over longer stretches of river than others, with attendant 
cost implications. The scale of the restoration also needs to be considered. For example, the 
responses and methods to monitor small projects that cover a few hundred metres are different 
from those that cover several kilometres. Moreover, response time varies a lot among indicators 
with some responding very quickly to restoration (e.g. pool area) and others responding very slowly, 
such as development of woody riparian vegetation. 
How? A certain degree of standardisation in the sampling design is needed to guarantee 
comparability across projects within ProME (principle 6). Standardised methods and indicator 
selection must be jointly agreed upon within ProME, i.e. robust and accepted methods have to be 
used throughout the program, without changing protocols half way through. Training and inter-
calibration is needed for the people doing the field surveys. ProME must be performed on the scale 
of effect, i.e. the spatio-temporal scale at which effects are expected to be expressed. Timing and 
duration of ProME must allow the dynamics of the indicators studied to be captured, such as 
response time after restoration or interannual variation before and after restoration. In this way, 
spending time-frames for funding can be adapted to account for the required spatial distribution, 
timing and duration of ProME. 
 
Figure 1: Conceptual model for wetland restoration monitoring in the UK.54 Different indicators for 
biodiversity (white boxes), ecosystem services (light grey) and ecosystem processes (dark grey) show 
different response or development times (y-axis) and necessitate different measurement 
frequencies (x-axis). GHG = greenhouse gas. 
 
 
Principle 6: Compare multiple projects 
Why? Spatial replication refers to the comparison of multiple restoration projects across different 
conditions. It allows a monitoring programme to account for spatial variation in the observed 
effects20, to identify mechanistic pathways and to quantify the relative importance of other 
explanatory variables of restoration outcomes.20 These explanatory variables (e.g. agricultural areas 
in the catchment, longitudinal fragmentation or stream size) represent key environmental attributes, 
including stressors, that can influence the recovery trajectory in the restored reaches, even when 
operating outside the restoration area. Spatial replication is underrepresented in the literature. 
Studies that have used it, however, show promising results and inspiring insights.36, 55-57 For instance, 
a meta-analysis of 91 European river restoration projects55 demonstrated that the biological effects 
measured were considerably correlated with project age, river width and agricultural area upstream 
(Figure 2).  
How? ProME requires the comparison of multiple projects, either by multiple before-after (mBA) or 
before-after-control-impact (mBACI58) designs or by an extensive post-treatment design (EPT20, 21). 
Comparison requires a certain degree of standardisation in the survey design to guarantee 
methodological comparability (e.g. indicator selection; principle 5). Furthermore, comparability 
should be carefully reflected in the light of project diversity. For example, the techniques that are 
used have to be understood in detail in order to make mechanistic links.9 Apart from comparing 
projects, the trajectory of change has to be analysed in relation to changes also taking place at 
reference or control sites.26 References or controls need to be identified within ProME and they 
need to be adequate, i.e. they should be as similar to the restored reach as possible in terms of 
catchment area, geology, evolutionary history, flow, etc.20, 21 References and controls should keep 
their role in the programme and explanatory power, over time, i.e. they should not undergo 
alteration, such as restoration of the control. Rigorous statistical design is needed for analysis of 
ProME.10 The involvement of professional statisticians in the design process will often be essential.59 
 
Figure 2: Example of an EPT-analysis synthesising the outcomes from 91 restoration projects in 
European rivers on fish, invertebrate and macrophytes assemblages (richness/ diversity and 
abundance/ biomass).55 The relative importance (%) of eight variables (or predictors) on combined 
effects for all organism groups is shown. Box-plots indicate quartiles, range and outliers of ten 
replicate model runs (boosted regression tree model; total variance explained = 0.41; n = 353 
response ratios). Project age and river width account for the highest relative importance.  
 
 
Principle 7: Decide on where and when to learn 
Why? A restoration program may consist of several hundred projects from which one could 
potentially learn. For instance, in Switzerland 300 restoration projects are planned to be 
implemented in the coming four years (S. Haertel-Borer, personal communication). However, not all 
of these projects are equally suited for answering the selected questions (principle 4); prioritisation 
is needed. Apart from the spatial aspect of learning, there is also a temporal dimension. First, many 
policy processes are cyclical, i.e. management objectives or funding are being re-negotiated at 
regular intervals (e.g. every four years in Switzerland). Harmonizing ProME with these policy cycles 
facilitates feeding back the lessons learned for adaptive management (principle 8). Second, the time 
required to answer a question will vary depending on the question itself (principle 4) and the design 
used (principle 5).  
How? Collaborative learning within proME does not happen on its own, but requires careful 
planning. Strategic decisions from the programme partners are needed, i.e. the programme partners 
have to agree on where they want to learn and  for how long.  
Where to learn (i.e. from which projects): Several criteria must be considered for project selection 
for ProME, including  
 transferability: projects which are representative of the topics of interest and from which 
the knowledge can be transferred to comparable projects, 
 interpretability: requires projects in catchments with minimal interference by additional 
stressors outside the focus of the selected questions, 
 temporal persistence: projects which are suitable for long-term monitoring due to few 
expected changes in the catchment, 
 availability of reference and control sites: projects which have available references and 
controls. 
When to learn: Timing and duration of ProME must account for the duration of the required work 
(principle 5) and the requirements of policy-makers and stakeholders, so that clear answers are 
delivered in a timely manner. Some questions might be more urgent than others (see principle 5), 
e.g. one might prefer addressing quick wins in a first round of ProME and then treat other relevant, 
but less urgent questions in a second phase. 
Principle 8: Process and disseminate the findings 
Why? ProME creates masses of data that need to be processed, analysed and disseminated as 
effective products. Products have to fulfil different requirements which depend on the target 
audience. For ProME, two broad target groups can be distinguished – (i) the programme partners 
and other stakeholders that are directly involved in river restoration and (ii) the wider public. 
Feeding back the findings from ProME, i.e. the answers to the specific questions (principle 5) to the 
programme partners is the basis for adaptive management and collaborative learning. Distributing 
information on river restoration to the wider public promotes a wider understanding of the 
strengths and challenges in river restoration practice and helps to justify the resources used and to 
manage expectations. New policy can be informed,60 including in other fields such as hydropower 
mitigation, flood risk management and nature conservation which all revolve around the same river 
channel and hydrological regime and should be well integrated. 
How? Depending on the target group, products can have very different formats (e.g. quality-
controlled raw data, newspaper articles, technical recommendations, Facebook posts, short movies 
for environmental education).6 Careful pre-discussion with the future users is needed as there is a 
risk of high costs and low benefits. Quality-controlled raw data from ProME must be archived in a 
central searchable database that is accessible to all programme partners. Apart from the analyses 
within ProME, the data base should allow for an independent learning process by different 
stakeholder groups. Central storage of and access to data requires clear responsibilities and 
standardized procedures for database management, quality assurance and quality control. Data 
sharing must be actively promoted, i.e. by financial incentives in the funding process. Data 
ownership has to be clarified. Positive and negative outcomes must be shared.23 Processing, analysis 
and dissemination requires allocated resources (see principle 1) and can be done by the programme 
partners or via mandates to external specialists, e.g. for knowledge transfer. 
Principle 9: Review the programme at regular intervals 
Why? Over the course of ProME, lessons will be learned from answering specific questions about 
how we restore and how we monitor (principle 5). This results in a refined understanding of river 
restoration and its effects and, in turn, in updated assumptions, reframed problems and a 
redefinition of the type of knowledge required.9 Adaptive monitoring as stated by Lindenmayer and 
Likens10 is an iterative process in which question setting, data collection, analysis and interpretation 
are followed by a review or reflection phase and, potentially, an adaptation of the programme. 
Included in this acknowledgment of lessons learned is the consideration of environmental, technical 
and socio-cultural change. The development of novel techniques may allow for cheaper or more 
effective field surveys and analyses to be incorporated in ProME (e.g. remote sensing).61 Shifts in 
societal perception or environmental agendas may require previously unconsidered aspects to be 
included. Unpredictable large-scale processes such as climate change can lead to surprising 
ecosystem transformations necessitating adaptation in management and monitoring.33  
How? Regular systematic review and potential adaptation of ProME must be explicitly planned from 
the beginning. Lessons learned must be collected explicitly and in a structured way in order to make 
them available for later decision-making about the next steps in ProME.9 Careful documentation is 
needed to illustrate the learning process and to make it traceable,9 also in retrospect. Such 
transparency is particularly crucial in transdisciplinary partnerships with several stakeholders 
involved. As with the initial launch of ProME, reflection and decision-making on whether and how to 
adapt ProME must be a collaborative activity involving all programme partners. The socio-cultural 
and technical development has to be closely followed in order to capture emerging issues and future 
challenges. Providing data consistency over the long-term is an important prerequisite for analysing 
responses that can be slow or time-lagged.10 The costs and benefits of a programme adaptation have 
to be critically evaluated, i.e. one has to find a good balance between continuity and flexibility.16  
Beyond the suggested framework 
The framework suggested above offers many opportunities for extension and synergies.  
First, instead of comparing project by project, within and beyond project boundaries, cumulative 
effects of multiple restoration projects and other management measures could be analysed. This 
idea builds on the concept of distinguishing ORUs – operational restoration units – that are based on 
organisational ‘landscapes’ that consider policies, stakeholder requirements and planning agendas.30 
The ORU idea is partly treated in our concept by integrating explanatory variables in the analyses 
that account for influencing factors beyond the given restoration project. However, addressing 
cumulative effects could also require specific adaptions of the sampling design.  
Secondly, hypothesis testing as outlined in principle 4 can be further strengthened by running 
systematic field experiments31 over several years at specifically selected, spatially replicated sites 
where the techniques used are standardised as far as possible in order to increase comparability. 
Similar approaches have been used in the literature, both for river restoration56, 62 and for other 
management areas such as environmental flows63, 64 and have yielded interesting insights. For 
instance, Gowan and Fausch56 found that habitat indicators such as mean depth or pool volume 
increased significantly within 1-2 years after in-stream restoration of six Rocky Mountains streams 
compared with untreated control sections. The increase in abundance and biomass of adult, but not 
juvenile, trout was mainly due to immigration from beyond the reach boundaries.  
Thirdly, universities and other institutes of higher education could develop specific student projects 
or training courses to answer selected questions, e.g. regarding mechanistic links. Programme 
funders could be encouraged to facilitate such possibilities for education and further development.  
Fourthly, the findings from ProME could be supported by additional indicators and data retrieved 
from citizen science following standardized protocols.65, 66 Participation of local volunteers can be 
very fruitful, for instance by expanding the spatio-temporal scale of the surveys, with more frequent 
sampling and larger areas covered than within professional surveys. However, aspects related to 
data quality, data availability, data influence and social contexts of citizen participation have to be 
carefully considered.65-67 
Conclusions 
More coordinated ME activities are needed in order to make full use of the opportunities offered 
and the resources spent within river restoration. Our conceptual framework for ProME presents a 
structured approach towards a more systematic learning and evidence-based action in river 
restoration, while taking into account the wider context within which river restoration projects will 
inevitably operate (Figure 3). However, transferring a conceptual framework into practical 
application is a challenging endeavour – an acid test for all underlying assumptions. Consideration of 
the following aspects can facilitate the process:  
 Compare alternatives: Very comprehensive approaches to ProME run the risk of substantial 
costs or later cost-overruns, e.g. due to tasks that were underestimated or completely 
overlooked in the budgeting phase. A critical estimation of costs is needed beforehand by 
means of a structured comparison of ProME alternatives that also takes into account time-
consuming preparation and coordination work (e.g. principles 1 and 3).  
 Carry out implementation monitoring: Good knowledge and documentation of the 
characteristics of each project (e.g. techniques used, objectives set, intensity of restoration; 
Figure 3) are needed for a thorough analysis of the effects of river restoration. This stresses 
the importance of sound implementation monitoring as part of ProME. 
 Run a pilot test: A practical application of the planned surveys in the real world situation 
provides a useful check of the strength and weaknesses of the chosen approaches and the 
robustness of the estimates regarding temporal, personnel and financial resources. 
 
Figure 3: Illustration of the wider context in which restoration projects are planned, implemented, 
evaluated and maintained. Factors can be interlinked (not shown). 
 
Acknowledgements 
We would like to thank our colleagues from the BigPicture Group at the Swiss Federal Office for the 
Environment for fruitful discussions in the development of the basic ideas of the suggested 
conceptual framework. We appreciated the valuable feedback from the participants of two 
workshops at the international conference “Towards the Best Practice of River Restoration and 
Maintenance” in September 2016 in Krakow, Poland. The constructive review of early ideas by our 
colleagues from the Eawag-internal advisory group helped to improve the present framework. We 
thank Sandra Schwab for her help with the figures. 
 
References 
1. Feld CK, Birk S, Bradley DC, Hering D, Kail J, Marzin A, Melcher A, Nemitz D, Pedersen ML, 
Pletterbauer F, et al. Chapter three - From natural to degraded rivers and back again: a test 
of restoration ecology theory and practice. In: Guy W, ed. Advances in Ecological Research. 
Vol. 44: Academic Press; 2011, 119-209. 
2. Roni P, Hanson K, Beechie TJ, Pess GR, Pollock MM, Bartley DM. Habitat rehabilitation for 
inland fisheries - global review of effectiveness and guidance for rehabilitation of freshwater 
ecosystems. Rome: FAO; 2005. 
3. Friberg N, Angelopoulos N, Buijse A, Cowx I, Kail J, Moe T, Moir H, O’Hare M, Verdonschot P, 
Wolter C. Chapter eleven - Effective river restoration in the 21st century: from trial and error 
to novel evidence-based approaches. Advances in Ecological Research 2016, 55:535-611. 
4. Bernhardt ES, Palmer MA, Allan JD, Alexander G, Barnas K, Brooks S, Carr J, Clayton S, Dahm 
C, Follstad-Shah J, et al. Synthesizing U.S. river restoration efforts. Science 2005, 308:636-
637. 
5. Woolsey S, Capelli F, Gonser T, Hoehn E, Hostmann M, Junker B, Paetzold A, Roulier C, 
Schweizer S, Tiegs S, et al. A strategy to assess river restoration success. Freshwater Biology 
2007, 52:752-769. 
6. Suding KN. Toward an era of restoration in ecology: successes, failures, and opportunities 
ahead. Annual Review of Ecology, Evolution, and Systematics 2011, 42:465-487. 
7. Boulton AJ, Piégay H, Sanders MD. Turbulence and train wrecks: using knowledge strategies 
to enhance the application of integrative river science in effective river management. In: 
Brierley GJ, Fryirs KA, eds. River futures: an integrative scientific approach to river repair. 
Washington, Covelo, London: Island Press; 2008, 28-39. 
8. Palmer MA. Reforming watershed restoration: science in need of application and 
applications in need of science. Estuaries and Coasts 2009. 
9. Allan C. Adaptive environmental management: a practitioner's guide; 2007. 
10. Lindenmayer DB, Likens GE. Adaptive monitoring: a new paradigm for long-term research 
and monitoring. Trends in Ecology & Evolution 2009, 24:482-486. 
11. Palmer MA, Lettenmaier DP, Poff NL, Postel SL, Richter B, Warner R. Climate change and 
river ecosystems: protection and adaptation options. Environmental Management 2009, 
44:1053-1068. 
12. Bennett S, Pess G, Bouwes N, Roni P, Bilby RE, Gallagher S, Ruzycki J, Buehrens T, Krueger K, 
Ehinger W. Progress and challenges of testing the effectiveness of stream restoration in the 
Pacific Northwest using Intensively Monitored Watersheds. Fisheries 2016, 41:92-103. 
13. Reid LM. The epidemiology of monitoring. JAWRA Journal of the American Water Resources 
Association 2001, 37:815-820. 
14. Roni P, Jordan C, Pess G. Basin scale monitoring of river restoration: recommendations from 
case studies in the Pacific Northwest USA. In: American Fisheries Society, Symposium; 2015. 
15. Behmel S, Damour M, Ludwig R, Rodriguez MJ. Water quality monitoring strategies - a 
review and future perspectives. Science of The Total Environment 2016, 571:1312-1329. 
16. Lovett GM, Burns DA, Driscoll CT, Jenkins JC, Mitchell MJ, Rustad L, Shanley JB, Likens GE, 
Haeuber R. Who needs environmental monitoring? Frontiers in Ecology and the Environment 
2007, 5:253-260. 
17. Vugteveen P, van Katwijk MM, Rouwette E, Hanssen L. How to structure and prioritize 
information needs in support of monitoring design for Integrated Coastal Management. 
Journal of Sea Research 2014, 86:23-33. 
18. Timmerman JG, Ottens JJ, Ward RC. The information cycle as a framework for defining 
information goals for water-quality monitoring. Environmental Management 2000, 25:229-
239. 
19. MacDonald DD, Clark MJR, Whitfield PH, Wong MP. Designing monitoring programs for 
water quality based on experience in Canada I. Theory and framework. TrAC Trends in 
Analytical Chemistry 2009, 28:204-213. 
20. Roni P, Liermann M, Muhar S, Schmutz S. Monitoring and evaluation of restoration actions. 
In: Roni P, Beechie T, eds. Stream and watershed restoration: a guide to restoring riverine 
processes and habitats: John Wiley & Sons, Ltd.; 2013, 254-279. 
21. Roni P, Liermann MC, Steel EA. Steps for designing a monitoring and evaluation program for 
aquatic restoration. In: Roni P, ed. Monitoring Stream and Watershed Restoration. Bethesda, 
Maryland: American Fisheries Society; 2005, 13-34. 
22. Hillman M, Brierley G. Restoring uncertainty: translating science into management practice. 
In: Brierley GJ, Fryirs KA, eds. River futures: an integrative scientific approach to river repair; 
2008, 257-272. 
23. Kondolf GM. Five elements for effective evaluation of stream restoration. Restoration 
Ecology 1995, 3:133-136. 
24. Morandi B, Piégay H, Lamouroux N, Vaudor L. How is success or failure in river restoration 
projects evaluated? Feedback from French restoration projects. Journal of Environmental 
Management 2014, 137:178-188. 
25. Roni P, Beechie T, Schmutz S, Muhar S. Prioritization of watersheds and restoration projects. 
In: Roni P, Beechie T, eds. Stream and watershed restoration: a guide to restoring riverine 
processes and habitats: John Wiley & Sons, Ltd.; 2013, 189-214. 
26. Palmer MA, Bernhardt ES, Allan JD, Lake PS, Alexander G, Brooks S, Carr J, Clayton S, Dahm 
CN, Follstad Shah J, et al. Standards for ecologically successful river restoration. Journal of 
Applied Ecology 2005, 42:208-217. 
27. Jansson R, Backx H, Boulton J, Dixon M, Dudgeon D, Hughes FMR, Nakamura K, Stanley EH, 
Tockner K. Stating mechanisms and refining criteria for ecologically successful river 
restoration: a comment on Palmer et al. (2005). Journal of Applied Ecology 2005, 42:218-
222. 
28. Society for ecological restoration international. The SER International Primer on Ecological 
Restoration. 2004. Available at: http://www.ser.org/. 
29. Roni P, Hanson K, Beechie T. Global review of the physical and biological effectiveness of 
stream habitat rehabilitation techniques. North American Journal of Fisheries Management 
2008, 28:856-890. 
30. Friberg N, Buijse T, Carter C, Hering D, M Spears B, Verdonschot P, Moe TF. Effective 
restoration of aquatic ecosystems: scaling the barriers. Wiley Interdisciplinary Reviews: 
Water 2017, 4. 
31. Poff NL, Allan JD, Palmer MA, Hart DD, Richter BD, Arthington AH, Rogers KH, Meyers JL, 
Stanford JA. River flows and water wars: emerging science for environmental decision 
making. Frontiers in Ecology and the Environment 2003, 1:298-306. 
32. Schindler DE, Hilborn R. Prediction, precaution, and policy under global change. Science 
2015, 347:953-954. 
33. Barnosky AD, Hadly EA, Bascompte J, Berlow EL, Brown JH, Fortelius M, Getz WM, Harte J, 
Hastings A, Marquet PA, et al. Approaching a state shift in Earth/'s biosphere. Nature 2012, 
486:52-58. 
34. Huitema D, Meijerink S. Realizing water transitions: the role of policy entrepreneurs in water 
policy change. Ecology and Society 2010, 15. 
35. Weber C, Schager E, Peter A. Habitat diversity and fish assemblage structure in local river 
widenings: A case study on a Swiss river. River Research and Applications 2009, 25:687-701. 
36. Frainer A, Polvi LE, Jansson R, McKie BG. Enhanced ecosystem functioning following stream 
restoration: The roles of habitat heterogeneity and invertebrate species traits. Journal of 
Applied Ecology 2017:doi 10.1111/1365-2664.12932. 
37. Piggott JJ, Townsend CR, Matthaei CD. Reconceptualizing synergism and antagonism among 
multiple stressors. Ecology and evolution 2015, 5:1538-1547. 
38. Lindenmayer DB, Likens GE, Krebs CJ, Hobbs RJ. Improved probability of detection of 
ecological “surprises”. Proceedings of the National Academy of Sciences 2010, 107:21957-
21962. 
39. Truchy A, Angeler DG, Sponseller RA, Johnson RK, McKie BG. Chapter Two - Linking 
biodiversity, ecosystem functioning and services, and ecological resilience: towards an 
integrative framework for improved management. Advances in Ecological Research 2015, 
53:55-96. 
40. Reichert P, Borsuk ME, Hostmann M, Schweizer S, Spörri C, Tockner K, Truffer B. Concepts of 
decision support for river rehabilitation. Environmental Modelling and Software 2007, 
22:188-201. 
41. Holl KD, Howarth RB. Paying for restoration. Restoration Ecology 2000, 8:260-267. 
42. Benda LE, Poff LN, Tague C, Palmer MA, Pizzuto J, Cooper S, Stanley E, Moglen G. How to 
avoid train wrecks when using science in environmental problem solving. BioScience 2002, 
52:1127-1136. 
43. Kern K. Restoration of lowland rivers: the German experience. Lowland floodplain rivers: 
geomorphological perspectives 1992:279-297. 
44. Jungwirth M, Muhar S, Schmutz S. Re-establishing and assessing ecological integrity in 
riverine landscapes. Freshwater Biology 2002, 47:867-887. 
45. Humphries P, Winemiller KO. Historical impacts on river fauna, shifting baselines, and 
challenges for restoration. BioScience 2009, 59:673-684. 
46. Doran GT. There’s a SMART way to write management’s goals and objectives. Management 
review 1981, 70:35-36. 
47. Skidmore P, Beechie T, Pess G, Castro J, Cluer B, Thorne C, Shea C, Chen R. Developing, 
designing, and implementing restoration projects. In: Roni P, Beechie T, eds. Stream and 
watershed restoration: a guide to restoring riverine processes and habitats: John Wiley & 
Sons, Ltd.; 2013, 254-279. 
48. Hammond D, Mant J, Holloway J, Elbourne N, Janes M. Practical river restoration appraisal 
guidance for monitoring options (PRAGMO). 2011. 
49. Brierley GJ, Fryirs KA, eds. River futures: an integrative scientific approach to river repair. 
Washington, Covelo, London: Island Press; 2008, 304. 
50. Richardson BJ, Lefroy T. Restoration dialogues: improving the governance of ecological 
restoration. Restoration Ecology 2016:n/a-n/a. 
51. Petts G. Sustaining our rivers in crisis: setting the international agenda for action. Water 
Science and Technology 2001, 43:3-16. 
52. Sutherland WJ, Dicks LV, Ockendon N, Smith RK. What Works in Conservation: 2017. Vol. 2: 
Open Book Publishers; 2017. 
53. Sutherland WJ, Armstrong-Brown S, Armsworth PR, Tom B, Brickland J, Campbell CD, 
Chamberlain DE, Cooke AI, Dulvy NK, Dusic NR, et al. The identification of 100 ecological 
questions of high policy relevance in the UK. Journal of Applied Ecology 2006, 43:617-627. 
54. Hughes F, Adams W, Butchart S, Field R, Peh K, Warrington S. The challenges of integrating 
biodiversity and ecosystem services monitoring and evaluation at a landscape-scale wetland 
restoration project in the UK. Ecology and Society 2016, 21. 
55. Kail J, Brabec K, Poppe M, Januschke K. The effect of river restoration on fish, 
macroinvertebrates and aquatic macrophytes: A meta-analysis. Ecological Indicators 2015, 
58:311-321. 
56. Gowan C, Fausch KD. Long-term demographic responses of trout populations to habitat 
manipulation in six Colorado streams. Ecological Applications 1996, 6:931-946. 
57. Lepori F, Palm D, Brannas E, Malmqvist B. Does restoration of structural heterogeneity in 
streams enhance fish and macroinvertebrate diversity? Ecological Applications 2005, 
15:2060-2071. 
58. Underwood AJ. On beyond BACI: Sampling designs that might reliably detect environmental 
disturbances. Ecological Applications 1994, 4:3-15. 
59. Vaudor L, Lamouroux N, Olivier JM, Forcellini M. How sampling influences the statistical 
power to detect changes in abundance: an application to river restoration. Freshwater 
Biology 2015, 60:1192-1207. 
60. Pullin AS, Knight TM. Support for decision making in conservation practice: an evidence-
based approach. Journal for Nature Conservation 2003, 11:83-90. 
61. Jackson M, Weyl O, Altermatt F, Durance I, Friberg N, Dumbrell A, Piggott J, Tiegs S, Tockner 
K, Krug C. Chapter twelve - Recommendations for the next generation of global freshwater 
biological monitoring tools. Advances in Ecological Research 2016, 55:615-636. 
62. Engström J, Nilsson C, Jansson R. Effects of stream restoration on dispersal of plant 
propagules. Journal of Applied Ecology 2009, 46:397-405. 
63. Konrad CP, Olden JD, Lytle DA, Melis TS, Schmidt JC, Bray EN, Freeman MC, Gido KB, 
Hemphill NP, Kennard MJ, et al. Large-scale Flow Experiments for Managing River Systems. 
Bioscience 2011, 61:948-959. 
64. Olden JD, Konrad CP, Melis TS, Kennard MJ, Freeman MC, Mims MC, Bray EN, Gido KB, 
Hemphill NP, Lytle DA, et al. Are large-scale flow experiments informing the science and 
management of freshwater ecosystems? Frontiers in Ecology and the Environment 2014, 
12:176-185. 
65. Huddart JEA, Thompson MSA, Woodward G, Brooks SJ. Citizen science: from detecting 
pollution to evaluating ecological restoration. Wiley Interdisciplinary Reviews: Water 2016, 
3:287-300. 
66. Silvertown J. A new dawn for citizen science. Trends in Ecology & Evolution 2009, 24:467-
471. 
67. Newman G, Wiggins A, Crall A, Graham E, Newman S, Crowston K. The future of citizen 
science: emerging technologies and shifting paradigms. Frontiers in Ecology and the 
Environment 2012, 10:298-304. 
 
 
 
